Ojeok-san (OJS) is a traditional herbal formula consisting of 17 herbal medicines that has been used to treat various disorders. In this study, quantitative analytical methods were developed using high-performance liquid chromatography equipped with a photodiode array detector to determine 19 marker compounds in OJS preparations, which was then combined with chemometric analysis. The method developed was validated in terms of its precision and accuracy. The intra-and interday precision of the marker compounds were <3.0% of the relative standard deviation (RSD) and the recovery of the marker compounds was 92.74%-104.16% with RSD values <3.0%. The results of our quantitative analysis show that the quantities of the 19 marker compounds varied between a laboratory water extract and commercial OJS granules. The chemometric analysis used, principal component analysis (PCA) and hierarchical clustering analysis (HCA), also showed that the OJS water extract produced using a laboratory method clearly differed from the commercial OJS granules; therefore, an equalized production process is required for quality control of OJS preparations. Our results suggest that the HPLC analytical methods developed are suitable for the quantification and quality assessment of OJS preparations when combined with chemometric analysis involving PCA and HCA.
2
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PCA is an unsupervised pattern recognition technique and is a useful tool for visualizing similarities or differences in multivariate data [10] . PCA can represent objects or variables on a graph and is used to study the proximity of objects to classify them and to detect atypical objects [11] . HCA is a procedure that has a pyramid-like structure and is a very useful and widely adopted technique in information processing [12] . HCA determines similarities between samples by measuring the distance between all possible sample pairs in a high-dimensional space and any similarities between the samples are represented on two-dimensional diagrams [13] . The HPLC analytical method combined with chemometric analysis has been widely accepted for the quality control of herbal medicines, as it can be part of a powerful strategy to differentiate the source, location, or species in herbal medicines [14] [15] [16] .
Recently, herbal formulas have been manufactured by pharmaceutical companies in diverse dosage forms, such as powder, granules, and tablets, as these are more convenient and easier to take than traditional decoction forms. However, the compositional herbal ratio or the origin of herbal components of a herbal formula may differ between different companies, and so the formula produced by each company may contain a variety of chemical constituents [17] [18] [19] . Such chemical inequalities cannot warrant equivalent therapeutic effects between different herbal formula preparations and may lead to a loss of innate characteristics of a given herbal formula.
Therefore, in this study, we developed analytical methods for the quantification of 19 marker compounds in a laboratory-produced water extract and in commercial granules of OJS using HPLC-PDA. In addition, chemometric analysis data were combined with the quantitative results and employed to assess the quality of OJS preparations via the Pearson correlation coefficient and PCA and HCA data.
Materials and Methods

Chemicals and Reagents.
The HPLC-grade acetonitrile and water used were purchased from JT Baker Inc. (Phillipsburg, NJ, USA) and the guaranteed reagent grade acetic acid used was obtained from Junsei (Chuo-ku, Tokyo, Japan). The gallic acid (1), chlorogenic acid (3), ferulic acid (6), benzoic acid (8), neohesperidin (12) , and cinnamic acid (15) used were obtained from Sigma-Aldrich (St. Louis, MO, USA). The protocatechuic acid (2) and nodakenin (9) used were purchased from ChromaDex (Irvine, CA, USA) and NPC BioTech (Geumsan, Chungnam, Korea), respectively. The albiflorin (4), paeoniflorin (5), liquiritin (7), naringin (11) , cinnamaldehyde (17) , and glycyrrhizin (19) used were purchased from Wako Pure Chemical Industries (Chuo-ku, Osaka, Japan). The hesperidin (10), ononin (13) , oxypeucedanin hydrate (14) , byakangelicin (16) , and benzoylpaeoniflorin (18) used were purchased from Chengdu Biopurify Phytochemicals (Chengdu, Sichuan, China).
The purity of the standard compounds was ≥98%; their chemical structures are shown in Figure 1 . Compositional herbal medicines of OJS were purchased from the herbal medicine company, Kwangmyungdang Medicinal Herbs (Ulsan, Gyeongbuk, Korea). A voucher specimen (2012-KE04-1-17) was deposited in the Herbal Medicine Formulation Research Group of the Korea Institute of Oriental Medicine. Commercial OJS samples denoted as "OJS02-OJS10" were purchased from nine pharmaceutical companies located in Korea. The compositional herbal ratio was shown in Table 1 .
Preparation of the OJS Water Extract and Commercial
Granules. Dried herbal drugs consisting of OJS were mixed and extracted using a 10-fold volume of distilled water (w/v) at 100 ∘ C for 2 h under pressure (1 kgf/cm 2 ) using an electric extractor (COSMOS-660, KyungSeo Machine Co., Incheon, Korea). The extracted decoction was filtered through a standard sieve (number 270, 53 m, Chunggyesangongsa, Seoul, Korea) and freeze-dried to make OJS water extract powder denoted as "OJS01. "
Powdered OJS01 (200 mg) and commercial OJS granules (OJS02-OJS10, 500 mg) were dissolved in 10 mL of distilled water and the solutions were filtered through a 0.2 m syringe filter (SmartPor, Woongki Science, Seoul, Korea) before being injected into the HPLC system.
Chromatographic Conditions.
The HPLC system used was a Shimadzu LC-20A (Kyoto, Japan) chromatograph equipped with a solvent delivery unit (LC-20AT), an autosampler (SIL-20AC), a column oven (CTO-20A), a degasser (DGU-20A 3 ), and a photodiode array detector (SPD-M20A). Separation was conducted on a Gemini C 18 column (4.6 × 250 mm, 5 m; Phenomenex, Torrance, CA, USA). The column temperature was set at 40 ∘ C. The mobile phase consisted of water containing 0.1% formic acid (A) and acetonitrile (B). The composition of the mobile phase was 6%-20% (B) for 0-20 min, 20%-25% (B) for 25-30 min, 25%-40% (B) for 30-40 min, 40%-46% (B) for 40-50 min, and 46%-87% (B) for 50-55 min, held for 5 min and then reequilibrated to 6% (B) until the end of the analysis. The flow rate was 1.0 mL/min and the injection volume was 10 L. The detection wavelengths of all standards and samples were in the UV at 230, 250, 260, 270, 275, 280, 290, 310, 325, and 335 nm.
Method Validation
2.4.1. Linearity. The 19 standard compounds were accurately weighed and dissolved in methanol to prepare stock solutions at a concentration of 1000 g/mL. Stock solutions of the marker compounds were serially diluted to construct calibration curves. The diluted concentrations of marker compounds were plotted against the peak area on the calibration curves and the linearity was measured from the correlation coefficient. Journal of Analytical Methods in Chemistry 
a OJS01, Ojeok-san water extract from the laboratory and b OJS02-OJS10 = Ojeok-san granules from Korean manufacturers.
LOD and LOQ.
Blank samples were analyzed in triplicate and the area of the noise peak was calculated as the response. The LOD and LOQ were calculated as LOD = 3.3 × SD/ and LOQ = 10 × SD/ , where SD is the standard deviation of the response and is the slope of the calibration curve.
Precision.
The precision was calculated by analyzing sample extracts containing low and high concentrations of the marker compounds. The precision was represented by the relative standard deviation (RSD), which was calculated using the equation RSD = (standard deviation/mean) × 100. The precision was measured three times in a single day (intraday precision) and over three consecutive days (interday precision).
Recovery.
The accuracy of the method used was evaluated through the recovery test. Both low and high concentrations of the marker compounds were added to the samples. The recovery was calculated as follows: recovery (%) = ((detected concentration − initial concentration)/spiked concentration) × 100.
Chemometric Analysis.
The relationship between OJS samples was evaluated using the Pearson coefficient of the amounts of the marker compounds. To cluster the OJS sample, PCA and HCA were performed based on the rows (OJS samples) and columns (the amounts of the 19 marker compounds). The evaluation of the Pearson coefficient and the clustering analysis (PCA and HCA) were carried out using the open-source software package R (v. 3.0.2).
Results and Discussion
Optimization of Chromatographic Conditions.
The mobile phase modifier, gradient ratio, and UV detection wavelength were considered as the main factors for optimizing the conditions for the HPLC analysis of the OJS water extract. A C 18 column was employed for the simultaneous determination of the 19 marker compounds in the OJS water extract, as it has been the most frequently used technique in the chemical analysis of herbal medicines [20, 21] . Two different modifiers, 1% acetic acid and 0.1% formic acid, were compared to find the optimal conditions for the separation of the 19 marker compounds. Peak resolution and shape of the marker compounds were considered better indicators when 0.1% formic acid was used as a modifier.
Various ratios of the components of the mobile phase (A : B) were tested using gradient elution, and the optimal separation was observed at the following gradient conditions: 6%-20% (B) for 0-20 min, 20%-25% (B) for 25-30 min, 25%-40% (B) for 30-40 min, 40%-46% (B) for 40-50 min, and 46%-87% (B) for 50-55 min, held for 5 min and then reequilibrated to 6% (B).
The UV wavelength in the range 190-400 nm was scanned to find the maximum absorption for each marker compound. For albiflorin, paeoniflorin, benzoic acid, and benzoylpaeoniflorin, this occurred at 230 nm; for ononin and glycyrrhizin at 250 nm; for protocatechuic acid at 260 nm; for gallic acid and byakangelicin at 270 nm; for liquiritin and cinnamic acid at 275 nm; for hesperidin, naringin, and neohesperidin at 280 nm; for cinnamaldehyde at 290 nm; for oxypeucedanin hydrate at 310 nm; for chlorogenic acid and ferulic acid at 325 nm; and for nodakenin at 335 nm. For the conditions described above, the 19 marker compounds were reasonably separated on C 18 column for quantitative analysis (Figure 2 ).
Method Validation
Linear Regression, LOD, and LOQ.
The linearity of the calibration curve was measured using the correlation coefficient ( 2 ), which ranged in value from 0.9993 to 1.0000 for each compound. The LOD and LOQ values were 0.004-0.090 g/mL and 0.012-0.272 g/mL, respectively (Table 2) .
Precision and Recovery.
The intra-and interday precision, which were represented by the RSD values, were RSD < 3.0% for the two concentration levels ( Table 3 ). The recoveries of the 19 marker compounds were in the range 92.74%-104.16%, with RSD < 4.0% at different spiked concentrations (Table 4 ). These results indicate that the developed analytical method was precise, accurate, and reliable for the analysis of the 19 marker compounds in the OJS samples.
Quantification of the Marker Compounds in the OJS
Samples. The method we established was successfully applied to determine the 19 reference compounds in the OJS water extract (OJS01) and commercial OJS granules (OJS02-OJS10). There was wide variation observed in the contents of the marker compounds in the 10 OJS samples. While OJS01 contained the 19 marker compounds, the commercial OJS granules showed lack of one or more of the following compounds: protocatechuic acid, chlorogenic acid, ferulic acid, nodakenin, hesperidin, neohesperidin, and cinnamaldehyde.
Moreover, variation in the content of these compounds was apparent between the OJS samples: 2.8-16.6-fold for gallic acid, 1.1-3.5-fold for protocatechuic acid, 1.4-37.0-fold for chlorogenic acid, 2.0-64.0-fold for albiflorin, 2.1-8.7-fold for paeoniflorin, 1.1-fold for ferulic acid, 5.9-57.1-fold for liquiritin, 1.1-7.8-fold for benzoic acid, 5.0-224.5-fold for nodakenin, 5.5-624.9-fold for hesperidin, 1.6-8.5-fold for naringin, 2.4-73.0-fold for neohesperidin, 3.5-13.8-fold for ononin, 3.8-71.8-fold for oxypeucedanin hydrate, 3.7-21.3-fold for cinnamic acid, 5.0-124.0-fold for byakangelicin, 1.5-fold for cinnamaldehyde, 3.8-112.6-fold for benzoylpaeoniflorin, and 3.1-8.6-fold for glycyrrhizin (Table 5 ).
This result implies that the water extract and commercial granules of OJS were not chemically equivalent because of the variation in the content of the marker compounds.
Evaluation of Correlation between the OJS Samples Using
Chemometric Analysis. Similarities between the OJS samples were assessed using the Pearson correlation coefficient ( 2 ), which is a measurement of the distance between two samples and shows the degree of their relationship: a stronger correlation is observed when 2 is closer to a value of 1 [22] . The average value of 2 for OJS01 was the lowest, followed by OJS04, while the values of the other OJS samples were in the range 0.5 < 2 < 0.8 ( Figure 3 ). This means that OJS01 and OJS04 were weakly correlated with the other OJS granules, which showed a mild correlation between samples [23] .
Clustering is a partitioning process of objects set into disjoint clusters: objects in the same cluster are similar, while objects belonging to different clusters differ considerably according to their attributes [24] , to which PCA and HCA can then be applied.
The 10 OJS samples were distributed on a PCA plot using their PC1 and PC2 scores, as these had higher eigenvalues and, thus, contained the chemically relevant variance [25] . OJS01 and OJS04 had a negative PC1 score, while the other samples had a positive PC1 score, and these were further divided by their PC2 score. The laboratory OJS water extract was differentiated from the commercial OJS granules, except for OJS04, by its PC1 score, which was the most influential factor for clustering the samples. Moreover, the distribution of the commercial OJS samples, especially OJS03 and OJS07, was not located close to each other but spread wide by their PC2 score. Therefore, this was a lower influential factor on the clustering samples after the PC1 score. The marker compounds contributing to the distribution of OJS samples were mainly cinnamic acid, cinnamaldehyde, albiflorin, and benzoylpaeoniflorin, which are denoted by the red-colored arrows in the PCA plot in Figure 4 .
HCA is a method used to measure the distance between objects and find the underlying structure. It uses an iterative procedure that either associates or dissociates a group object by object to classify objects [26] . New clusters are produced by measuring the smallest increase in the sum of the squared within-cluster distances between all the possible clusters, and these are represented by dendrograms [27] . The 10 OJS samples were classified using Ward's method employing the Euclidean distance as a measurement for the HCA. OJS01 showed an exclusively close correlation with OJS04 and formed a separate cluster from the other commercial samples. These were segregated at a height around a value of 11. Under a height value around 5, the commercial OJS samples were further divided into two groups, namely OJS03 and OJS07, and OJS02, OJS05, OJS06, and OJS08-OJS10, which is similar to the results from the PCA analysis ( Figure 5 ).
Taking the results of the quantification and chemometric analyses together, the OJS water extract (OJS01) produced in the laboratory showed little correlation with the commercially manufactured OJS granules from a chemical perspective. This result demonstrates that the low correlation between the OJS samples, particularly the laboratoryproduced water extract and the commercial granules, can presumably be ascribed to the different ratios of the compositional herbal medicines, herbal resources, or extraction procedures of the OJS preparations between different pharmaceutical companies. Therefore, verification of the herbal resources, using an identical combination ratio, or using a valid extraction process, is required to produce chemically equalized OJS preparations that can guarantee an equivalent therapeutic efficacy.
Conclusions
The analytical method developed using an HPLC-PDA with a reversed-phase C 18 column was precise, accurate, and reliable and was successfully applied to the simultaneous determination and quantification of 19 marker compounds for the quality assessment of OJS samples. The content of the marker compounds varied between the OJS samples. Moreover, a laboratory-produced OJS water extract was not closely related to the commercial OJS granules, which also showed a wide distribution in the results of chemometric analyses, such as the Pearson correlation coefficient, PCA, and HCA. Our results suggest that HPLC-PDA combined with chemometric analysis can be a useful strategy for the quality evaluation of OJS samples from different origins. It is necessary to produce chemically equalized OJS preparations for better quality samples.
